ABSTRACT With the rapid development of mobile communication technology, the pressure of core network from wireless traffic is explosively growing. Meanwhile, ultra-low latency and real-time user experience are urgently demanded, which gives raise to the severe challenge of traditional cellular networks. As one of the key technologies in 5G, device-to-device (D2D) communication underlaying cellular networks is a promising way to elevate the network system performance, improve the user experience and expand the applications. In this paper, we present an architecture for analyzing the network capacity when D2D communication shares the channel resources with cellular links. This architecture consists of three types of links: cellular links, D2D links, and relay links. We mathematically model the network capacity of the three different links. Moreover, a cooperative caching strategy is proposed, which caches the files with the greatest popularity in the D2D group to improve the network capacity. Finally, we conduct the numerical simulations and the results show the proposed architecture improves the network capacity significantly.
I. INTRODUCTION
Wireless data traffic has been dramatically growing in the past years with the development of the mobile communication technology and the widespread use of portably intelligent devices such as smart phones and tablets [1] . Meanwhile, the traditional cellular network is unable to satisfy the ongoing demand for mobile data communications due to the limited wireless band resource. Recently, several schemes such as Femtocells caching, cognitive radio, white space, etc., have been proposed to deal with the problem.
Device-to-Device communication underlaying cellular networks is believed to be one of the most promising ways to handle the shortage of spectrum resources [2] , which permits mobile terminals to communicate with each other directly in the cellular network [3] and can significant relieve the pressure of base stations (BS). Because of the benefits in increasing spectrum utilization efficiency, enhancing the transmission rate, saving the power and improving network capacity, D2D communication has drawn much attention recently. In general, there are two modes of D2D communication: underlay mode and overlay mode. The former means the cellular users share the same spectrum with D2D pairs which can achieve the best spectrum efficiency. In contrast, the system allocates dedicate spectrum for D2D pairs in the latter, and there is no interference between D2D and cellular systems.
There are plenty of ink poured on the performance of D2D-enabled cellular networks. In [4] , the authors closely analyzed two representative applications and developed an optimized solution to coordinate the cellular and D2D communications with the best resource sharing mode. Aiming to study the performance of two different interference cancellation (IC) methods, called unconditional interference cancellation (UIC) and successive interference cancellation (SIC), the authors of [5] presented a framework to analyze the successful transmission probabilities of different links in the large-scale D2D communication system. A flexible scheme for mobile nodes to select proper operation mode individually had been proposed in [6] , which showed that the combined two-hop connection could significantly improve the network coverage performance, especially for the low signal to interference ratio (SIR) regime. In [7] , the authors derived the closed-form results for the ergodic capacity of both cellular users and D2D users with a stochastic geometry-based network model. The authors of [8] derived and analyzed the probability density functions of the Signal-to-Interference Ratio (SIR) and proposed an optimal solution leading to a fair plan to maximize the sum capacity of systems. In [9] , an efficient resource management scheme is proposed, which exploits D2D communication in the uplink case for poor quality link and two-hop link, and it can minimize packet loss, upload time, and the number of resource blocks. In [10] , the authors consider a two-stage energy efficiency optimization problem, which consists of a joint spectrum and power allocation problem in the first stage, a context-aware D2D peer selection problem in the second stage, and they provided a general tractable framework for solving the combinatorial problem.
On the other hand, a key property of video on-demand is the asynchronous content reuse, such that a few popular files account for a large part of the data traffic, and they are visited by users at different moments [11] . Therefore, the content delivery strategy based on popular caching is another promising method to improve the network performance [12] . The authors of [13] presented a cache replacement method named Popularity-Driven Content Caching to store the fashionable files in the local cache to replace the unfashionable files, and the system can achieve the optimal cache hit rate asymptotically. A new architecture presented in [14] , the authors cached the contents in helper nodes and mobile terminals, which can improve the network throughput significantly. The authors of [15] deployed multiple femto-BSs in the network and devised an optimal caching strategy to maximize the system throughput. In [16] , the authors tried to cache contents in the selected nodes and their nearest nodes to achieve a higher capacity, an upper bound on network capacity was given.
Recently, the cache ability of user terminals (UTs) has been increasing significantly such as the cache of iPhone rises from 32GB to 256GB in several years, which makes it feasible to cache part of contents in them. The development of caching available mobile devices boosts the deployment of D2D communication technology in the coming 5G communication networks.
The previous studies have provided precious insights for the D2D-enable cellular networks. However, most of them only focus on one-hop link or only one aspect of the network. In [4] - [8] , the authors proposed a specific architecture to improve the network performance, but they ignore the caching problem, which limits the practicability of the D2D communication network. The authors of [12] - [15] only focus on the caching strategy in the network with one hop link. Naturally, with the help of a relay, a two-hop scenario is more general in D2D communication system. Considering this fact, we first analyze the achievable capacity of D2D enable network with relay links, and we propose a caching strategy to improve the network performance. A network architecture was proposed where a mobile UT is allowed to connect a neighboring UT directly (thus forming a D2D link), at the same time, it can connect the nearest BS via a cellular link or a two-hop connection which is relayed by another intermediate UT (called a relay link). The relay links are set to communicate with BS by two-hop manner, which is supposed to have lower delay compared with the proposed before, this is because one hop of the relay link is cellular link to connect with BS, it is no need to search for the equipment. We study the performance of the three kinds of links on the network capacity. Specifically, the main contributions of this paper are summarized as follows:
I. We present a network architecture which combines cellular links, D2D links and relay links in the system to analyze the performance on network capacity. We set a threshold value D for the transmit distance of relay links, the relay link can be established when the distance between requested UT and BS is bigger than D. Furthermore, a threshold value for SINR in cellular link is set, the cellular can be established if and only if the SINR is larger than a specified threshold. Such threshold based systems enable network designers to optimize the network performance by adjusting the threshold value, since the threshold can influence the network performance, which is corroborated by the numerical results in Section 5. Then, the successful transmission probabilities of the three types links are computed, and finally, the mathematical model on the capacity is presented.
II. We consider the cooperative cache of UTs, since the cache space of a single mobile terminal is quite limited, and propose a caching strategy based on the file popularity. In the cache strategy, we define a set of UTs that can communicate with each other in one-hop manner as ''D2D group'', and cache the files with greatest popularity in the ''D2D group''. The ''D2D group'' enables a set of UTs sharing cache space with neighbor to cache more popular contents. In this way, the system can achieve much better performance as more popular contents cached in the UTs, more requests can be served by neighbor UTs instead of being forwarded to the BS.
III. We present extensive numerical results to illustrate how the relevant parameters influence the system performance, which permits the network designers to optimize system, and compare our proposed scheme with the traditional cellular scheme and D2D scheme. The superiority of the proposed scheme is validated by the simulation results.
The rest of this paper is organized as follows. Section 2 describes the network model and channel model of our system. In Section 3, we introduce the caching strategy. In Section 4, the successful transmission probabilities of the three types links and weighted network capacity are discussed and derived. The numerical results are present in Section 5 and we conclude the paper in Section 6.
II. SYSTEM MODEL A. NETWORK MODEL
This paper focuses on the scenario D2D communication underlaying cellular networks where D2D links multiplex uplink or downlink resources in a cellular cell. We consider a cellular network consists of multiple base stations (BS) and user terminals as shown in Figure 1 , where a gray circle denotes a cell and the pink circle in it denotes the communication area of cellular links. The mobile UTs outside the pink area are only permitted to connect BS by relay links. We know that a mobile UT can communicate with BS or another nearby mobile UT directly. Meanwhile, the edge UTs which are far from BS can connect to the BS relayed by another cellular user (called relay node). Therefore, three types of links exist in the system: D2D link (the link between two UTs), cellular link (the link between UT and BS), relay link (the link between edge UT and relay node). When a tagged UT requests for a file, for the case of D2D links, the UT will try to establish D2D links with the neighbor UTs who locate within the communication range of D2D connection. If the neighbors cache the requested file, the D2D link can be formed and the neighbor transfers the file to the source. For the case of cellular links, the UT can establish a cellular link as long as the signal-to-noise ratio (SINR) of BS is not lower than the threshold. Otherwise, when the UT locates far from BS, a relay link will be deployed, thus the UT connects to the BS through the relay UT.
Assuming the mobile UTs in the network follow independent homogeneous Poisson point process (PPP) with density λ u , which is widely used to characterize the distribution of cellular nodes. Besides, we assume the deployment of BSs follows another independent homogeneous with density λ b . The request UT can receive files from BS through cellular link or relay link, it can also receive files from neighbor UTs through D2D links.
In our system, the cumulative interference caused by multiple D2D links would affect the quality of cellular links since the D2D links share channel resources with cellular links. Hence, we set a threshold of the SINR at BS to guarantee the quality of cellular links. Namely, when D2D pairs reuse the channel resources, the SINR at BS can not below the threshold, otherwise the cellular link would break down. We will discuss them in section 4. In addition, there will be interference from cellular system to the D2D receiver in the D2D communication case.
B. CHANNEL MODEL
The propagation channel model contains path loss and Rayleigh fading for both cellular links and D2D links. We assume constant transmit power for both cellular users and D2D users. Specifically, when the transmission power is p, the signal received by a receiver with distance d can be expressed as p · h · d −α , where α is the path loss exponent (α > 2) and h is the shadow fading coefficient following an exponential distribution with mean 1/µ, that is, h ∼ exp (µ). The shadow fading of UTs' transmission power follows a general statistical distribution g which includes the random effects such as fading and shadowing. Besides, we assume the bandwidth is B and the power of Gaussian white noise is N 0 .
III. CACHING STRATEGY
Note that on-demand video streaming services allow files to be requested multiple times, namely, a file may be requested by many different users at different moments. Another important properties of on-demand video streaming services is the asynchronous content reuse [11] , which means a few popular files consume a large part of traffics. Therefore, it is helpful to improve the throughput and hit rate by pre-storing these files in UTs' local buffers.
Considering the collaboration storage of user terminals and BSs, we propose a distributed caching strategy based on the file popularity. The popularity is defined as the probability that a file is requested by a typical UT. In other words, a file with higher popularity means the file has greater demand for mobile users. Previous studies show that the Zipf popularity distribution is widely used to measure the user requesting probability of video files [17] , [18] .
Suppose that there are M files in the library which are ordered depending on their popularity. The file popularity can be denoted by
In other words, the probability that a tagged UT requests the ith file is p i . γ is the Zipf exponent controlling the relative popularity of files, and determines the peakiness of the distribution: a bigger γ means the disequilibrium of popularity between popular files and unpopular files is larger [14] .
In our system, a set of mobile UTs can form a dynamic region, and the UTs in the region can communicate with each other through D2D links. We call the region as ''D2D group'' and cache the most popular files in the UTs of the ''D2D group''. Assuming each UT has the same buffer space to cache s files, and the top s · k files with the biggest popularity cached in the ''D2D group'', where k is the number of nodes in the ''D2D group''. We cache the popular files in the ''D2D group'', which means the request of these files can be serviced by D2D links. Obviously, the pressure of BS can be relieved greatly in this way. Besides, BS caches all the files. Due to the dynamic of network topology, the ''D2D groups'' in the network would refresh in a time interval.
IV. NETWORK CAPACITY
The capacity of the network consists of three parts according to the communication modes: cellular links, D2D links and relay links. In this section, we analyze the probability that three types of links can be established and derive the capacity of network.
A. CELLULAR LINK
To analyze the performance on capacity of the system, we focus on one typical cell containing one BS and multiple UTs. Assuming that multiple D2D pairs can reuse channel resources of cellular users which are far away from each other. The interference between D2D pairs and the cellular users should be taken into count when analyzing the system performance. This is mainly because the interference could accumulate at the BS when multiple D2D links exist in the network at the same time. In other words, the quality of cellular links would decrease with the increase of D2D links. To guarantee the channel quality of cellular links, the SINR of signal in the BS must bigger than the threshold that we set. According to the aforementioned analysis, the signal power received by cellular in the cellular link is
Where p b is the transmission power of base station and d b is the distance between BS and the tagged cellular user. Moreover, the cumulative interference which is caused by multiple D2D links in the BS can be expressed as
Where t denotes the number of D2D links, p d denotes the transmit power of D2D users and d ib is the distance between the i-th D2D transmitter to the BS. Then the SINR in the BS can be obtained by following formula:
And the capacity of the cellular link is:
Let P 1 denote the probability of a cellular link, that is, the probability that a tagged UT communicates with BS.
The PDF of distance between a tagged UT and the base station (each UT node always connects to the closest BS) can be expressed as
The probability that a mobile user connect to a BS in the general cellular network model can be derived as following:
Since we assume that h ∼ exp (µ) we can get:
Then we can obtain P 1 as in [19, Th. 1] .
where
B. D2D LINK
In our system, if the requested node belongs to a ''D2D group'', the request is eligible to be served by D2D link. Since the distribution of mobile UTs follows a Poisson Point Process with density λ u , and we suppose the request UT belongs to a ''D2D group'', the probability that there are k UTs in the ''D2D group'' is: (the requested UT does not belong to a ''D2D group'' when k = 1):
where r is the biggest transmission distance of D2D link, we can obtain the expectation of the UTs in the ''D2D group'':
where x(r) denotes the number of UTs in the ''D2D group'' when the biggest transmission distance of D2D link is r. In our caching system, the ''D2D group'' caches s · k files with highest popularity. So there is another constraint for the D2D link: the requested file must be cached in the ''D2D group'', namely, the requested file must be one of the s · k files cached in UTs. We can acquire the probability that the UT have the request file
and the request node caches the lth to (l + s)th files. We can get the expectation of k by:
We denote by P 2 the probability that a tagged UT can connect with the neighbor UT through D2D link and derive the probability:
in the D2D communication case, the interference signal is from cellular, so the Shannon capacity can be obtained by
where d ir is the distance between the two UT of the i-th D2D pair.
C. RELAY LINK
We further discuss the case that the UT is far from BS and connect the BS by a two-hop manner. In general, the transmission distance has great influence on the link quality, the signal strength and capacity would decline as distance increases. Considering this fact we assume the UT node can connect a BS via another UT node in the cell that are in mutual coverage in two-hop manner. Obviously, only the mobile UTs enabling to connect BSs directly can be chosen as relay node. As for the case that there are multiple UTs are eligible to be relay node for the edge UT, the edge UT tend to chose the nearest one. A distance threshold D is considered to control the relay link: when the distance between request UT and BS is bigger than D, the requested is eligible to connected BS by relay link. The relay links should satisfy the following conditions: 1) The distance of requested UT and BS is bigger than D;
2) The requested UT belongs to a ''D2D group'', so that the requested UT can find a relay node; 3) The requested file is not cached in the ''D2D group'', because if the file cached in the ''D2D group'', the request would be served by D2D link.
So, we can derive the probability that a requested node connects to BS by relay link:
where P d is the probability that The distance of requested UT and BS is bigger than D. We can obtain P d by:
Since there are two kinds of link in the relay link, the link between a request UT node and a relay node and the link between a relay node and a BS, we take the lower capacity of the two links as the capacity of relay link. The SINR of the two hops of relay link can be expressed as two parts, the SINR of the link between the UT and relay node
We can further obtain the SINR of the link between the relay node and BS
So we can obtain the capacity of the relay link
Since the advantages of D2D communication such as saving power, high transmission rate low latency, etc, the D2D links are the first choice to serve the requests, that is, when a UT sends a request, it try to establish a D2D link firstly and establish a cellular link if the D2D links cannot meet the demand (there is no mobile UT within the D2D communication range or the requested file is not cached locally). Then, we can obtain the network capacity in our system by
According to the theoretical derivation above, it is obvious that the network capacity is limited by multiple parameters. Since the distribution of UT nodes and BSs follow Poisson point process, the parameters of distance can be obtained through the properties of Poisson distribution. Meanwhile, the channel parameters such as bandwidth, shadow fading coefficient, and white noise are preset. We hence mainly focus on the influence of the parameter β (the threshold of SINR), k (the number of UTs in the ''D2D group'') and D (the distance threshold of relaylink) on network capacity.
V. NUMERICAL RESULTS
In this section, we present the numerical results that how the relevant parameters effect the system performance. Without loss of generality, we consider the network with bandwidth 10 MHz and the path loss exponent α = 4 for all channels. Suppose BS storages all M = 100 files and with transmission range R = 500 m. We use the Monte Carlo experiment to prove the effectiveness of the proposed algorithm and number of Monte Carlo experiments is 1000. Figure 2 illustrates how the probability a typical UT establishes a D2D link varying with different s and γ . In this simulation experiment, s is varies from 1 to 15, and γ for the three lines is 0.4, 0.8, and 1.2, respectively. We can easily observe from the figure 2 that the probability monotonically increases with k, for example, when γ is 0.8, the value of the probability rises from 0.17 to 0.49 with k increases from 1 to 30, i.e., when the UTs cache more files locally, the D2D link would be more. Furthermore, with same k, the bigger γ leads to the larger probability of D2D link which implies the demand for files are more unbalanced when γ is bigger, in another word, the files with great popularity occupy more demand of mobile user. In figure 3 , we show the impact of k and β on the probability a typical UT communicates with BS by cellular link. From figure 3, we can see that the probability is declining with the increase of k, such that in the case β = 16, the probability is bigger than 0.9 when k is less than 5 and the value decrease as 0.32 when k is 30, which means the cumulative interference by multiple D2D links will give significant attenuation for cellular link when the number of D2D links is big. β is an important parameter to regulate and control the outprobability of cellular link. We can observe in figure 3 that the out-probability of cellular link decreases along with the β decreasing.
We present the influence of the number of D2D links on the capacity of D2D links and cellular link in figure 4 . As expected, the number of D2D links has the different impact on the performance of D2D links and cellular link. On the one hand, the increase of the number of D2D links can promote the capacity of D2D links. We can observe that in figure 4 , the capacity of D2D links grows monotonously when the number of D2D links increases from 1 to 30. On the other hand, the D2D links have negative effect on the capacity of cellular links and the more the D2D links are, the lower the capacity of cellular links is. Figure 5 illustrates the impact of the threshold D on the network capacity, and shows the difference between the network with relay link and without relay link. The figure indicates clearly that the relay link can improve the network capacity in our architecture. The distance threshold D is an important parameter which can influence the network performance on capacity. We can observe that the network get lower capacity with bigger D. Since with the increase of D, the threshold of relay link is bigger and the number of relay links is less, which leads to lower capacity.
In figure 6 , we compare the performance of our system with traditional D2D and cellular system. As shown in the figure, the three lines denote the variation tendency of capacity with different ''D2D group'' in our proposed system, traditional D2D system (without relay link), and traditional cellular system. The simulation result shows clearly that the performance on the capacity of our proposed system is superior to the traditional D2D and cellular system. Intuitively, with the increase of the number of UTs in the ''D2D group'', the capacity of proposed system and D2D system increase significantly. This is mainly because the number of D2D links gradually increases with the size of ''D2D group'', which leads to greater capacity. Besides, the growth rate of proposed system is bigger than the D2D system without relay link. This is mainly because the first hop of relay links are D2D links, so the performance of relay links can get benefit when the size of ''D2D group'' increases.
VI. CONCLUSION
This paper proposes a network architecture which allows mobile UTs to connect BS or neighbor UTs through three types of link: cellular link, D2D link and relay link. We analyze the impact of the three kinds links on the capacity and obtain the weighted capacity of network. The architecture enables network designers to optimize network performance by efficiently determining the optimal parameters, such as the threshold β, the parameter of Zipf distribution γ and the number UTs in the ''D2D group''. In the future, we will explore the refined caching strategy as well as the cooperative strategies of content allocation to improve the system performance.
